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INTRODUCTION (1)

“The atom is the smallest unit of a substance.”

~_

The atomic size is the theoretical smallest one.

-first isolation of atomic—size compind
Nobel Prize in Physics in 2010
"for groundbreaking experiments regarding the two-dimensional material graphene.”

Andre Geim Konstantin Novoselov Science, 2004, 306, 666.
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ISOLATION OF GRAPHENE

“access from 3D to 2D”

graphite

graphene
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PROBLEM OF GRAPHENE

the (practical) example

Vollebak launches first graphene jacket that acts as a

radiator

000000 cf $695

Augusta Pownall | 16 August 2018 | Leave a comment

Innovative clothing manufacturer Vollebak has produced a jacket made with graphene h ig h CcoO St

that can conduct power, store body heat and repel bacteria.

The reversible item outwardly resembles a regular raincoat. One side it is constructed
from a new fabric made from graphene blended with polyurethane and nylon, while

the other is made from matte black high-stretch, high-strength nylon. d iffi Ccu Ity Of mass p rod u Ctio N
difficulty of big—size production

no band gap

Ref. https://www.dezeen.com/2018/08/16/vollebak-
The graphene-hybrid material can store and conduct the wearer’s body heat and gra p h en e-j acC ket- ra d |ato r-con d u Ct- powe r-C | Ot h i ngéd eS|g n/

transfer it equally around the body. [t can also theoretically store an unlimited



BEYOND GRAPHENE (1)

black phosphorus Metal Halide Perovskite h—BN
(phosphorene)

Figure 1. (a) Crystal structures of perovskite compounds. (b) SEM image z SN N °N°
of particles of nanocrystalline CH;NH;PbBr; deposited on the TiO, surface.
The arrow indicates a particle, and the scale bar shows 10 nm.

J. Am. Chem. Soc. 2009, 131, 6050.

Nat. nanotech. 2014, 9, 372.

Appl. Phys. Lett. 2008, 92, 722.




BEYOND GRAPHENE (2)

Transition Metal Dichalcogenide MX, hal
cnailcogen
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COMBINAITON OF TMD

Rb

Ce

Fr
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M = Transition metal
¥ = Chalcogen
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Nat. Chem., 2013, 5, 263.



EXAPMLE OF TMD

W 1 three—atom—thin layer

bulk crystal MoS,

Optical microscopy image

crystal structure

For lubrication

Ampere cop Nat. Nanotechnol. 2012, 7, 699.
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STRUCTURE OF TMD

v

exfoliation
@ @ bulk TMD »  layerd TMD

?

©

precursor

®
H/T..??

Nat. Nanotechnol. 2012, 7, 699.
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STRUCTURE OF LAYERED TMD (1)

a b
I ¢ - axis - 180 “rotation
o -
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H phase T phase

trigonal prismatic

octahedral

Chem. Rev. 2018, 118, 6297.

1. What is trigonal prismatic / octahedral?

2. What makes H-phase / T-phase?
3. electronic properties
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EXPLANATION (1)

-crystal—field theory
ligand

metal ‘

AN
®

d orbital

“splitting d orbitals”
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EXPLANATION (2)

: hemical seri
spectrochemical series I < Br< S’< SCN< Cl<

NO;< F < C,0//< H,0< NCS<
CH;CN< NH;< en < bipy< phen<
NO, < PPh;< CN<CO big

" .

[Co(NH,):Br]3* [Co(NH,):ClI]3* [Co(NH;)s(NH3)]%*

I small big
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EXPLANATION (3)
-mono—Ilattice d orbital

trigonal prismatic

d orbital
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BAND STRUCTURE OF LAYERED COMPOUND
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STRUCTURE OF LAYERED TMD (2)

I C - axis

b

-~ 180 “rotation

pirror SYmmetTy.

re
> » \/ g
H phase T phase :

trigonal prismatic

octahedral

Chem. Rev. 2018, 118, 6297.

2. What makes H-phase / T-phase?
3. electronic properties
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EXPLANATION (4)
-Ketelaar triangle

Tonic
AX

Metallic Covalent

mean

The order of electronegativity (X)
4 <5 <6 <16

Li Be

Na Mg 3
K Ca 5
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TREMENDACE BETWEEN METAL AND PHASE

trigonal prismatic

interaction

U

Not ionic (covalent)

d6 metal

b

Octahedral

I IED"-'rn:-tatIc-nI'

/\ lonic repulsion

H phase \/ T phase

d4 metal
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STRUCTURE OF LAYERED TMD (3)

I C - axis

-~ 180 “rotation

pirror 59

o -‘“.- ]
i -3 \/ .4
H phase T phase :

trigonal prismatic
démetal

Octahedral
d4metal

Chem. Rev. 2018, 118, 6297.

3. electronic properties

20



EXPLANATION (5)
-electronic properties

B .
> P B

— M
— M

1 Band gap

insulator metal semiconductor
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EXAMPLE OF METALLIC TMD

P EE |
Ti .

' [s1 |} | : & W
H H
. - = | - T — 4 5

| . . Te

Figure 1. Types of metals involved in layered dichalcogenides. Blue
color indicates transition metals for currently d-E"'r‘-E'].-EI-'IIE
layered dichalcogenides (m-LTMdCs), and yellow, green, and red
small rectangles are 5, 5e, and Te compounds. White rectangles for
chalcogen are unreported or nonexist phase in m-LTMdCs.

Chem. Rev. 2018, 118, 6297.

NOTE

NbSe, metal / MoSe, not metal

22



EXPLANATION OF TMD PROPERTIES

Nb* (d1)

> metal

Mo* (d2)

> insulator

23



SHORT SUMMARY

3D materials graphite Transition Metal Dichalcogenide
(bulk)
2D materials graphene Transition Metal Dichalcogenide
(layered)
number of the example 1 over 30
constructing atoms carbon transition metal and chalcogen
structure 1 type 2 types

hexagonal trigonal prismatic

octahedral

material properties

gapless semiconductor

semiconducting TMDs (Nat. Nanotechnol. 2012, 7, 699.)
metallic TMDs (Chem. Rev. 2018, 118, 6297.)



SYNTHESIS METHOD (1)
-mechanical exfoliation

top down approach-1
first report; Science, 2004, 306, 666.

-easy—to—access approach

—V

3D

-not scalable
-difficult to control the size
-reaggregation

g

2D

25



SYNTHESIS METHOD (2)
-:Chemical Vapor Deposition

bottom up approach-1
often used for industrial method

0000000

-large scale

MoO3 + x/2S - Mo,_, + x/2 SO,
MoO,_, + (7—x)/2S ->MoS, + (3—x)/2 SO,

Adv. Mater. 2012, 24, 2320.

-difficult to control the number of the layer
-poor quality

26



SYNTHESIS METHOD (3)
-‘Metal-Organic Chemical Vapor Deposition

bottom up approach-2
first report; Nature 2015, 520, 656.

mass flow controllers

C,H.).S ._l_
W(CO .:.: (4] 6 \/’

‘limited examples (not yet for metal TMD)
-still relatively small (4—inch)
-toxic gas

-homogeneity
-low decomposition
temperature of the precursor

27



SYNTHESIS METHOD (4)
liguid phase exfoliation/mechanical approach

top down approach—2

sonication %
— .stabilizing against the reaggreation
soluvent

i

-few hundred nanometers in size

organic
NMP or IPA (Science, 2011, 331, 568.)
ethanol/water (ACIE, 2011, 50, 10839.)

aqueous surfactant
a sodium cholate solution (Adv. Mater 2011, 23, 3944.)

polymer
J. Phys. Chem. C, 2012, 116, 11393.
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SYNTHESIS METHOD (5)

liguid phase exfoliation/chemical approach

top down approach—3
first report; Mater. Res. Bull. 1986, 21, 457.

Li—intercalation
(topochemical reaction)

”Buu

bulk MX, bulk LiMX,

-effective in expanding the layers

-high yield of monolayer

-expensiveness (Li*)

for example; MoS,
trigonal prlsmatlc

(semiconducting) <:|

-structurally and electronically different

octahedral
(metal)




BEYOND GRAPHENE (3)
MXene

first example; Adv. Mater. 2011, 23, 4248.
—OH, —F, -0, —Cl

NN e
SV

Ti \W RemovalofA m . .

TiC — > \-) o sonication

M. X,

mes

C

Al W *;f m DMSO intercalation
‘CEER LIFMCI

MAX phase MXene
Mno 1Axn Mn' lthl
single layer MXene
etching

Ti,AIC, + 3HF = AIF, + 3/2H, +Ti3C,

Ti,C, + 2H,0 - Ti3C,(OH), + H,
Ti,C, +2HF > Ti,C,F, + H,

Acc. Chem. Res. 2018, 51, 591.
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CHARACTARISTICS OF MXene

1. metallic
E 4
M Fo,
Er M‘ tf?//\ o high electronic conductivity (2.0 X 10*S cm™)
” c2p (cf. Cu, 5.8 X10°S cm™)

o =

T2p
2. flexibility of composition

Ti,CT,, Ti;C,T,, V,CT,, Nb,CT,, Mo,CT,,
(Mo, Ti)C,T,, Mo, 55CT,, Ti5(CN)T,,

Acc. Chem. Res. 2018, 51, 591.
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HOT REPORT (1)
-phase engineering

MoS, semiconductor to metal transfer

mono—lattice

e I
e’ I
V4
d ‘ *
2e case

MoS:2 LiMoS:2

B Bty hiur -SSR

Sonication

R (. R
H20 Sonication
(~5 min)

IR Irradiation

KIKRRNNNKY S bbbl

Exfoliated 2H MoS2

Exfolated 1T MoS2

Intercalation
-
Phasc change
IR irradiation
17

semiconductor transistor metal

Nano Lett., 2015, 15, 5956.

mono—lattice

bt

3e case
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HOT REPORT (2)
-application ACS Nano 2018, 12, 10419,

D

THLC, Au C mean=0.7220.10

m . { 1.;.'_-.]'
o ® - . 3® 80
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freely moving mice

EXPECTED FUTURE

implantable LED

injection and release of the microneedle

- ———
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- r
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Science 2013, 340, 211.

1 mm
—
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CONCLUSION

Hetero-Layer Stacking Van der Waals Solids
Scrolling

- L3 " .%.$~ -
AP, PR TP

R Pt

Folding & Wrinkling

T
Wizge

2D Mater., 2016, 3, 022002.
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Els; (385 cm)
AMoS; DIERNE— T 3EFEM

Ayg (408 cm)

https://www.nanophoton.jp/applications/30.html
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PHYSICAL AND CHEMICAL TUNING (1)

-z direction

(a) Decreasing the layer numbers
>

S1 S2 S3 S4 S5

blackish- dark- yeliow- light-
green green green  yellow

|
- L Seed

black

Adv. Energy Mater., 2015, 5, 1402279.

calculated band structure

\/\,\/ b\m/ \, %
WA A

Energy

E(k)

Nano. Lett., 2010, 10, 1272.

> k (electron wavenumber)
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PHYSICAL AND CHEMICAL TUNING (2)
-z direction

PtSe,

— QN
nature
COMMUNICATIONS

ARTICLE

Thickness-modulated metal-to-semiconductor
transformation in a transition metal dichalcogenide

Alberto Ciarrocchi® 2, Ahmet Avsar'Z, Dmitry Ovchinnikov!? & Andras Kis'~

Nat. Commun., 2018, 9, 919.
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PHYSICAL AND
-z direction

CHEMICAL TUNING

.....................

This work

Nat. Commun., 2018, 9, 1545.
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STRUCTURE PATTERMS OF BULK TMD -
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FIRST EXMAPLE OF TMD

Fig. 1. 2D crystal matter. Single-layer crystallites of Nb5e; {a), graphite (b},
Biz5raCalupOy (c), and Mo%: (d) visualized by AFM (a and b), by scanning
electron microscopy (c), and in an optical microscope (). (All scale bars: 1 am.)
The 20 crystallites are on top of an oxidized Si wafer (300 nm of thermal %i0:)
{a, b, and d) and on top of a holey carbon film (). Note that 20 crystallites were
often raised by an extra few angstroms above the supporting surface, prob-
ably because of a layer of absorbed water. In such cases, the pleated and
folded regions seen on many AFM images and having the differential height
matching the interlayer distance in the corresponding 3D crystals help to

distinguish between double-layer crystals and true single sheets such as those
shown here.

PNAS, 2005, 102, 10451.
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